INTRODUCTION
Eukaryotic DNA replication proceeds in a defined temporal order known as the replication-timing program. Though its significance is unknown, replication timing is evolutionarily conserved and is closely associated with the organization and function of chromatin (1, 2) . Accordingly, replication timing in multicellular organisms is cell-type specific and changes coordinately with gene expression during development (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Programmed developmental changes in replication timing involve over half the genome and occur consistently in 400-800 kb increments (1, 8) . The discrete size of developmental regulatory units suggests that chromosomes consist of multiple domains that are independently regulated. An independent regulatory unit would be predicted to maintain its regulation in an ectopic genomic context. However, previous work in mammals has demonstrated that small DNA fragments containing single genes or replication origins do not generally transfer cis regulatory information to ectopic loci (11, 12) . Some combinations of strong transcriptional regulatory elements can affect replication timing in ectopic locations (13) (14) (15) , but the importance of these elements to replication in their native context is unclear (16, 17) . Thus, the existence of cis elements that define domainsized units of timing regulation remains unsubstantiated.
One possible explanation for the inability to identify cis elements of replication-timing control is that regulation requires DNA sequence information integrated across large segments of chromosomes. Alternatively, replication timing might be regulated entirely by epigenetic features that can only be transmitted in a chromatin context, as is suggested by the asynchronous replication of homologous loci during X inactivation (18, 19) and imprinting (20) , as well as the consequences of chromosome translocations (2, (21) (22) (23) (24) (25) (26) . To assess the role of DNA sequences in the regulation of replication timing, we profiled replication timing in the Tc1 mouse model of Down syndrome, which had previously been used to evaluate the role of DNA sequence in directing speciesspecific transcription (27) . The Tc1 strain was created by introducing Human Chromosome 21 (Hsa21) into mouse embryonic stem cells using irradiation microcell-mediated chromosome transfer, followed by chimeric mouse generation and germline transmission (28) . Although the resulting Tc1 mice contain a single, freely segregating Hsa21, sequencing revealed the irradiated trans-chromosome underwent extensive genetic rearrangement during the establishment of the Tc1 mouse strain (S. Gribble, F. Wiseman and N. Carter, manuscript available upon request, ENA database Study Accession number: ERP000439). Thus, in addition to allowing single-copy analysis and direct comparison between syntenic mouse and human sequences in the same nucleus (27) , Tc1 mice provided the opportunity to observe cis effects of ectopic genomic contexts on the replication timing of Hsa21 fragments in different mouse tissues.
RESULTS

Tc1 mouse replication-timing program is unperturbed by the presence of Hsa21
To verify normal replication-timing control in Tc1 mice, we generated genome-wide replication-timing profiles in Tc1 mouse fibroblasts and compared them with unrelated control mouse fibroblasts. Nascent DNA in asynchronously growing fibroblasts was first labeled with 5-bromo-2-deoxyuridine (BrdU), after which labeled fibroblasts were sorted into early and late S-phase fractions by flow cytometry, and BrdU-labeled DNA was purified by immunoprecipitation (Supplementary Material, Fig. S1 ). Purified DNA fractions were differentially labeled and co-hybridized to a comparative genomic hybridization (CGH) microarray with 3.5 kb median probe spacing across the entire mouse genome. Hybridization data were then Loess normalized and smoothed to provide a genome-wide profile with relative replication-timing values for each probe position (29) . We found a strong, genome-wide correlation between Tc1 and control mouse fibroblast samples (r ¼ 0.92, also see Supplementary Material, Fig. S2 ), demonstrating that the overall replication-timing program in Tc1 mice was not disrupted by the presence of a foreign chromosome.
DNA sequence variation accounts for divergent replication timing across regions of conserved Hsa21 synteny
To determine the extent to which the Tc1 trans-chromosome (Tc1-21) maintains its human replication-timing regulation, we generated chromosome-wide profiles in two Tc1 mouse cell types (fibroblasts and T lymphocytes) and corresponding human controls (fibroblasts and T lymphocytes) using a Hsa21 tiling array with 70 bp median probe spacing across the chromosome. Since duplicated segments could replicate at different times but could not be distinguished by DNA sequence, array probes for Tc1-21 regions with copy number variation were omitted from our analysis (Supplementary Material, Fig. S3 ). Timing profiles of the remaining 25 Mb exhibit general maintenance of human replication-timing regulation in Tc1 mouse fibroblasts and T lymphocytes (Fig. 1) . Tc1-21 replication timing in each mouse cell type is most highly correlated with Hsa21 replication timing in the matching human cell type (Fig. 1A) . High correlation between Tc1-21 and Hsa21 in non-matching cell types, such as between fibroblast and myoblast, is also consistent with previous studies (8, 30) . Cell-type-specific regulation is clearly evident between Hsa21 coordinates 27 and 28 Mb, which contain a late-replicating domain that shifts to early replication specifically in T lymphocytes (Fig. 1B) .
Despite the general maintenance of human replication timing, nine Tc1-21 regions deviated considerably from Hsa21 controls (indicated by blue arrows 1 -9 in Fig. 1B ). To determine whether these replication-timing differences were due to the divergence of mouse and human trans-acting factors, we examined the conservation of replication-timing regulation across the regions of conserved Hsa21 synteny in mouse ( Fig. 2A) . Syntenic regions of mouse and human replication-timing profiles were compared by converting genomic coordinates of each mouse probe to human coordinates using the UCSC genome lift annotation tool (http://genome. ucsc.edu/cgi-bin/hgLiftOver, last accessed date on 2 July 2012, see Materials and methods). Using this method, we obtained correlations between Hsa21 and syntenic mouse replication-timing profiles (r ¼ 0.87 for T lymphocytes and 0.77 for fibroblasts) consistent with previous studies (1,2), which demonstrate a high degree of conservation of the replication-timing program between similar human and mouse cell types. In addition, we identified four regions (indicated by green arrows a -d in Fig. 2C ) at which profiles for Hsa21 (black curve in Fig. 2C ) and mouse synteny (gray curve in Fig. 2C ) diverge. However, of the nine replicationtiming differences between Tc1-21 and Hsa21, only one (blue arrow 2 in Fig. 2C ) fell within a region of evolutionarily divergent mouse replication timing (green arrow b in Fig. 2C ), indicating that differences between mouse and human trans-acting factors were not likely responsible for the replication-timing differences between Tc1-21 and Hsa21. Consistent with this conclusion, Tc1-21 exhibited human-specific replication timing at all other regions of divergent mouse replication timing in both fibroblasts and T lymphocytes (green arrows a, c and d in Fig. 2C ) and overall aligned more closely with Hsa21 than syntenic mouse sequences throughout the transchromosome (Fig. 2B ), implicating DNA sequences in the regulation of replication timing at these loci. Fig. S4E ), however, additional examples are required for a conclusive analysis. Taken together, the coincidence of Tc1-21 rearrangement points and shifts in replication timing strongly suggests that the cis regulation of replication timing in these regions was disrupted by genetic rearrangement. Because small, integrated DNA constructs generally replicate at times consistent with their surrounding genomic context (11, 12) , we next looked at whether the size of rearranged fragments on Tc1-21 correlated with preservation of replication-timing control at early -late fusions. Table 1 lists all fragments of the trans-chromosome by size and indicates whether native replication timing was maintained for fragments involved in early -late fusion events. All fragments smaller than 500 kb lost timing control, while all fragments larger than 1 Mb maintained timing control independent of chromosomal context (Fig. 3C) . Of the three fragments between 500 kb and 1 Mb, two (650 and 960 kb) maintained timing while one (850 kb) did not, suggesting that regulation may not be determined by size alone but rather that larger size corresponds with greater likelihood that sufficient elements are contained within a given fragment.
Given that the size range of the minimal Tc1-21 fragments that maintained timing regulation (500 kb-1 Mb) closely matches the sizes of developmentally regulated replication domains (400 -800 kb), we examined whether particular developmental timing features could be found within the Tc1-21 fragments with preserved timing. Using previously published replication-timing profiles from a variety of human cell types (1,10: http://www.replicationdomain.org, last accessed date on 2 July 2012), we classified each Tc1-21 fragment based on its developmental regulation (Fig. 4A , also see Materials and methods). With one exception, all fragments that maintained replication timing at early -late fusions contained at least one intact developmental domain and some part of the boundaries between domains with differential timing (Table 1) . The exception, an intact domain without any of the surrounding boundaries (647 kb fragment in Table 1 ), maintained its early replication time, suggesting that boundaries may only play a role in establishing late replication. Indeed, the largest fragment that lost timing regulation (847 kb fragment in Figure 4 and Supplementary Material, Figure S4 22215973 Table 1 ) were insufficient to maintain replication timing when repositioned. The sufficiency of partial early domains to direct replication timing could not be addressed because none were isolated among the analyzed Tc1-21 fragments. Together, these results suggest developmentally regulated replication domains retaining at least part of their surrounding boundaries represent sufficient cis regulatory units of replication timing.
Replication boundaries insulate domains from position effects
The previous data also suggest that replication boundaries allow independent regulation of adjacent domains by insulating against position effects. This hypothesis would predict that, in cases where early and late replication domains become juxtaposed, position effects on replication timing imposed by the dominant domain should spread to the next developmental boundary. Indeed, a comparison of early -late fusions revealed that replication-timing shifts in all five cases did not spread beyond the closest detected developmental boundary. One example is shown in Figure 4B and C. In this example, replication of fragment L1, which occurs in late S in its normal Hsa21 context, shifted to the earlier replication time of its fusion partner, fragment E1. This shift extended into fragment L1 up to a developmental boundary that can be detected in other cell types. The remaining four examples were more complex, each involving multiple Table 1 . Examples of constitutive and developmentally regulated replication-timing domains are boxed and labeled with brackets. Boundaries connecting adjacent domains are indicated with orange arrows. (B) Control Hsa21 replication-timing profiles from fibroblasts (black) and other various human cell types (shades of gray, see Materials and methods) are plotted across both regions involved in an early-late fusion in Figure 3A . Fragments E1 and L1 correspond, respectively, to 647 and 5960 kb fragments from Table 1 smaller translocated fragments. Still in each case, timing shifts extended through regions without detected developmental boundaries and ended near boundaries found in other cell types (Supplementary Material, Fig. S4A -D) . These results indicate that developmental boundaries could retain their ability to function as boundaries in cis, independent of cell type or species background.
DISCUSSION
Our analysis of Tc1-21 suggests that the divergence of human and mouse replication timing across Hsa21 regions of conserved synteny has been primarily driven by differences in the DNA sequence. After several generations of meiotic transmission and epigenetic reprogramming in mice (31-33), syntenic Tc1-21 sequences continued to replicate in humanspecific patterns in two distinct mouse tissues. The possibility that human-specific epigenetic marks determine the replication timing of these regions independent of the underlying DNA sequence would require such marks to be consistently preserved on Tc1-21 by the mouse epigenetic machinery. In addition, analysis of rearranged Tc1-21 fragments suggests that sufficient replication-timing regulatory information is contained within chromosome fragments 500 kb-1 Mb in length.
Our results also provide evidence that boundaries of developmentally regulated replication-timing domains contain insulating cis regulatory elements (Fig. 4D) . Rearranged Tc1-21 fragments that contained developmental domains and their boundaries maintained replication-timing control, while fragments lacking boundaries experienced shifts in replication timing that extended 500 -900 kb, up to the nearest detected replication boundary. This result is consistent with previous observations that deletions of a well-defined replication-timing boundary at the mouse immunoglobulin heavy-chain (Igh) locus create a new late domain boundary 500 kb downstream of the deletion (34) . In addition, replication-timing aberrations in acute lymphoblastic leukemia patients are also bounded by normal replication boundaries found in different cell types (35) .
Altogether, this study gives unprecedented insight into the organization and regulation of mammalian chromosome domains, supporting the replication-domain model of replication-timing regulation. It also raises a number of intriguing questions. For example, given the striking similarity of genome-wide replication-timing profiles and chromatin interaction maps (1, 36) , what cis elements might coordinately regulate replication timing and chromatin interactions? Conserved non-coding sequences have been shown to interact with each other and play important regulatory roles in a variety of processes including enhancement of gene expression (37) . Could similar elements cluster to form domains for coordinate replication? Interestingly, Forkhead transcription factors in budding yeast bind to replication origins, organize these origins into spatial clusters and are required for their early replication timing (38) . In addition, recent genome-wide analysis in human and mouse has identified conserved topologically associating domains (TADs) flanked by boundaries enriched in insulating elements (36) . Although TADs were reported to be independent from replication domains (36) , the relatively abrupt transitions at TAD boundaries could mark insulating elements within the more gradual transitions at replication-domain boundaries. These results implicate cis elements that dictate chromatin interactions as candidate elements for directing replication-timing regulation during mammalian development.
MATERIALS AND METHODS
Cell culture
Tc1 mice with Hsa21 and wild-type littermates used in this study were bred by crossing female Tc1 mice to a male (129S8 × C57BL/6J)F1 mouse. Tc1 mouse fibroblasts were isolated using a modified protocol (39) After settling, the cell suspension was cultured in Dulbecco's modified eagle medium (DMEM) supplemented with 10% FBS and maintained at ambient oxygen. Experiments were performed between population doubling (PD) 2 and PD 3. Tc1 mouse T lymphocytes (CD4+ splenocytes) were obtained by the mechanical disaggregation of whole spleens in RPMI-1640 medium (Invitrogen) supplemented with 2 mM L-glutamine, 10% fetal calf serum (Gibco), 100 IU/ml penicillin and 0.1 mg/ml streptomycin (Invitrogen). After passing through a 100-mm filter, CD4+ splenocytes were obtained by centrifugation over Lymphoprep and then negative selection using the murine CD4+ isolation kit II (Miltenyi Biotec) according to the manufacturers' instructions. Mice were maintained in compliance with UK Home Office regulations.
Human control fibroblasts (fetal lung, IMR90, ATCC CCL-186) were cultured in DMEM supplemented with 10% FBS and were maintained in physiological 5% oxygen. Human control T lymphocytes were obtained from healthy volunteers after written informed consent and with the approval of the Cambridge (UK) Research Ethics Committee. None gave a history of chronic illness or intravenous drug usage. CD4+ peripheral blood mononuclear cells (PBMCs) were obtained by the centrifugation of citrated blood over Lymphoprep (Nycomed, Roskilde, Denmark) before negative selection using the human CD4+ isolation kit II (Miltenyi Biotec) according to the manufacturers' instructions. CD4+ purity routinely exceeded 90% in both human and murine preparations.
CD4+ PBMCs or splenocytes were cultured in RPMI-1640 medium (Invitrogen ) supplemented with 2 mM L-glutamine, 10% fetal calf serum (Gibco), 100 IU/ml penicillin and 0.1 mg/ml streptomycin (Invitrogen). Human and murine CD4+ T-cells were stimulated with 5 mg/ml of phytohaemagglutinin in a humidified 5% CO 2 atmosphere for 3 days prior to harvesting. Cross-hybridization of mouse sequences to Hsa21 array probes was addressed by calculating the similarity of each Hsa21 array probe (50 -75 bp) to sequences in the mouse genome. Less than 3% of all probes had greater than 80% homology to mouse sequences making significant interference from cross-hybridization unlikely (41) . In addition, no significant signal was detected on Hsa21 arrays hybridized with samples from Tc1 littermates lacking Hsa21.
Replication-timing profile analysis
Replication-timing data sets were normalized, averaged from at least two biological replicates and scaled together using the limma package in R as described previously (5, 29) . Loess smoothing was applied across a span of 300 kb to normalized replication-timing ratios (log 2 early/late) at each probe to generate a genome-wide profile. The Tc1-21 replicationtiming profile displayed in all figures was obtained by smoothing Hsa21 array data ordered according to the Tc1-21 sequence (S. Gribble, F. Wiseman and N. Carter, manuscript available upon request, ENA database Study Accession number: ERP000439). Syntenic regions of mouse and human timing profiles were compared by converting genomic coordinates of each mouse probe to human coordinates using the UCSC genome lift annotation tool (http://genome.ucsc.edu/ cgi-bin/hgLiftOver, last accessed date on 2 July 2012) with accepted default parameters. Previously published human replication-timing data sets used for developmental analysis in Figures 1 and 4 (10) and primary myoblast profiles (30) . Hsa21 and Tc1-21 timing profiles ordered with respect to the Tc1-21 sequence (S. Gribble, F. Wiseman and N. Carter, manuscript available upon request, ENA database Study Accession number: ERP000439), and syntenic mouse replication-timing profiles converted to human coordinates have been deposited in the GEO database (Study Accession number: GSE38472).
DNA sequence composition analysis
DNA sequence composition characteristics listed in Supplementary Material, Figure S4E , were calculated using the UCSC Table Browser tool (http://genome.ucsc.edu/cgi-bin/ hgTables, last accessed date on 2 July 2012) for the 500 kb on either side of each fusion point or for the entire fused fragment if smaller than 500 kb. GC content was calculated by averaging 5 base window GC Percent (table: gc5Base) values across each region, and repeat class densities were calculated by summing the length of each repeat identified by RepeatMasker (table: rmsk), dividing by the total length of each region and multiplying by 100.
